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In this work we report the appearence of a large perpendicular magnetic anisotropy (PMA)
in Fe1−xGax thin films grown onto ZnSe/GaAs(001). This arising anisotropy is related to the
tetragonal metastable phase in as-grown samples recently reported [M. Eddrief et al., Phys. Rev.
B 84, 161410 (2011)]. By means of ferromagnetic resonance studies we measured PMA values
up to ∼ 5×105 J/m3. PMA vanishes when the cubic structure is recovered upon annealing at
300◦C. Despite the important values of the magnetoelastic constants measured via the cantilever
method, the consequent magnetoelastic contribution to PMA is not enough to explain the observed
anisotropy values in the distorted state. Ab initio calculations show that the chemical ordering plays
a crucial role in the appearance of PMA. Through a phenomenological model we propose that an
excess of next nearest neighbour Ga pairs (B2-like ordering) along the perpendicular direction arises
as a possible source of PMA in Fe1−xGax thin films.
I. INTRODUCTION
Nowadays, active research efforts are being carried out
to stabilize perpendicular magnetic anisotropy (PMA) in
thin films and nanostructures because it is at the intersec-
tion of different research streams of modern magnetism
and spintronics. An example is the spin transfer torque
- magnetic random access memory (STT-MRAM) where
magnetized units are more easily switched by a lower
electrical current when the electrodes present PMA.1,2
The PMA tends to align the magnetic moments within
the film perpendicular to the film surface. To achieve
this goal, different approaches have been adopted based
on very different physical phenomena. PMA can be ob-
tained by magnetocrystalline anisotropy (MCA) (such as
in Co),3 interface effects,4 stress5,6 and shape of the mag-
netic entities.7 In particular, magnetocrystalline effects
can be used for obtaining PMA in materials with a pref-
erential crystalline axis. This is the case of Co when
its easy axis is along the film growth direction (perpen-
dicular to the film surface).8 Furthermore, it is possible
to manipulate the crystallographic structure and to in-
duce an easy axis of the magnetization by adjusting the
growing conditions or postdeposition treatments. This
is the case of the L10-ordered alloys, whose particular
chemical ordering is reached by thermal annealing or by
high temperature thin film growth.9 The tetragonal dis-
tortion induced by the atomic arrangement is responsible
for the appearence of the PMA.10 An example of these
alloys is FePt which presents a very high PMA, i.e. ∼3-
7×106 J/m3.11,12 However, it is worthwhile to report that
more "moderate" PMA values are needed to obtain lower
switching fields in recording applications. This motivates
the study of the L10-ordered FePd alloys where PMA is
∼1×106 J/m3.13
In this work, we report the presence of PMA in
Fe1−xGax/ZnSe/GaAs(001) thin films. A combined ex-
perimental and theoretical study of such films as a func-
tion of the Ga content and the atomic ordering was
performed. The PMA was deduced from ferromagnetic
resonance (FMR) experiments and large values up to
∼ 5×105 J/m3 are found. Due to demagnetization fields,
the magnetization lies in the film plane of our samples;
however the measured PMA values assure that the mag-
netization is perpendicular to the film plane when the
lateral size is smaller than ∼130 nm.14 By taking inspi-
ration from a phenomenological model proposed for bulk
Fe1−xGax,
15 we estimate the contribution of Ga order-
ing to magnetic anisotropy energy (MAE) due to PMA.
This permits us to suggest that the strong PMA is due
to a preferential Ga ordering along the growth direction.
Our first-principles calculations in the framework of den-
sity functional theory account for the role played by Ga
ordering. The experimental observation of "moderate"
PMA is of considerable interest for the following reasons:
(i) Fe1−xGax (Galfenol) is a material well known for its
very high magnetostrictive coefficient and its growth is
well mastered by today’s industry; (ii) Epitaxial films
of Fe1−xGax on GaAs present spintronic properties like
spin injection into a semiconductor,16 strain-tuned mag-
netic anisotropy and high frequency properties in the
microwave region;17 (iii) PMA is obtained without any
annealing procedure and at moderate growth tempera-
ture compatible with ferromagnetic/semiconductor het-
erostructures engineering. In addition to all of these
avantages, at present, Ga has a lower cost than Pt or
Pd due to its crustal abundance.18
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FIG. 1. (Color online) (a) Coordinate system used in Eqs. (1)
and (2). (b) FMR spectra for different directions of Happ for
the Fe0.86Ga0.14 sample.
II. EXPERIMENTAL
Epitaxial Fe1−xGax samples were grown by Molecu-
lar Beam Epitaxy on c(2x2) Zn-terminated ZnSe epilay-
ers onto GaAs(001) substrates.19,20 At the end, the films
were covered by a protective 3-nm gold capping layer.
Details of the growth are given in Ref. 21. We fabri-
cated 72-nm nominal thick samples at several Ga con-
centrations, x = 0.14, 0.18, 0.20. Such concentrations
were determined by means of x-ray photoelectron spec-
troscopy (XPS) and confirmed by Rutherford backscat-
tering (RBS) and energy dispersive x-ray spectrometry
(EDX). With the aim to study the response to thermal
treatment, a selection of samples of varying Ga concen-
tration (for x = 0.14 and 0.20) were annealed at 300◦C in
ultra high vacuum21 as well. This annealing temperature
is sufficient to cause Ga mobility in the Fe matrix, as at-
tested in Ref. 22 and, at the same time, it preserves the
sharp FM/SC interface.19 By X-ray diffraction (XRD),
we determine the lattice parameters and we observe a Ga
dependent tetragonal deformation. Ref. 21 suggests that
this deformation is due to Ga pairing along [001] direction
leading to a local B2-like structure as forseen by previ-
ous ab initio studies23,24 and experimentally observed by
differential x-ray absorption spectroscopy (DiffXAS).25
Such a B2-like phase occurs when Ga pairs are formed
at next nearest neighbours along the <100> family di-
rection. The first magnetic characterizations put in ev-
idence clearly the presence of PMA where the forma-
tion of stripe-like domains is reported.26,27 We performed
FMR experiments in a Bruker ESP-300 spectrometer at
ν ∼ 24 GHz (K-band). The angular dependence of the
resonance spectra has been studied in the in-plane geom-
etry by fixing the polar angle at θH = 90
◦ while varying
φH from 0
◦ to 360◦ [see Fig. 1(a)]. We also measured the
magnetoelastic coupling by performing cantilever deflec-
tion experiments. The magnetic field was applied along
the [100] direction in order to obtain the magnetoelstic
coupling along such direction. Additional magnetization
measurements have been performed in a superconducting
quantum interference device (SQUID) and a vibrating
sample magnetometer (VSM).
III. RESULTS AND DISCUSSION
In order to study quantitatively the magnetic
anisotropies in our samples through FMR, we evaluate
how these anisotropies contribute to the resonance field,
Hr. To do this, we propose a self-consistent scheme that
solves the equilibrium position of M via the magnetic
free energy U and a linearized version of the Landau-
Ginzburg equation of motion for the magnetization,28
when the sample is magnetically saturated. It is impor-
tant to notice that the onset of a tetragonal distortion
along z-axis modifies the well-known cubic anisotropy
energy term of pure Fe thin films, i.e. the cubic term
[KFe4 (α
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xα
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αi denotes the direction cosines of the magnetization
[Fig. 1(a)] and IP (OP) is the in-plane (out-of-plane) di-
rection. Hence, the proposed expression for U in our
coordinate system [Fig. 1(a)] is the following:
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where Happ is the applied magnetic field, M is the
magnetization vector, µ0 is the vacuum permeability
(µ0 = 4π×10
−7 Tm/A). The first term on the right-
hand side is the classical Zeeman energy. The second
one is the energy related to the demagnetizing dipolar
field. The third term is the first order in-plane contri-
bution to the magnetocrystalline energy for a tetragonal
lattice. The fourth one is the energy related to the PMA,
including KOP and other contributions that will be dis-
cused below. Finally, the fifth term stands for an uniaxial
in-plane anisotropy arising from the Fe1−xGax/ZnSe in-
terface. On the other hand, the equation that accounts
for the magnetization dynamics in the small oscillation
approximation was given by Smit and Beljers28 and it
writes:
ω2 =
γ2
M2sin2θ
[
∂2U
∂2θ
∂2U
∂2φ
−
(
∂2U
∂θ∂φ
)2]
θeq,φeq
, (2)
evaluated at the equilibrium angles, θeq and φeq obtained
from Eq. (1), where γ = gµB/~ is the gyromagnetic ratio
and µB is the Bohr magneton. The g value was set to
2.1, as for Fe.
In Fig. 1(b), we show an example of spectra taken at
different Happ in-plane directions. The shift of the reso-
nance mode is due to the magnetic anisotropies present
in the samples. It is worth to note that even though Happ
is applied only in the film plane, it is possible to extract
3information of the perpendicular anisotropy.29 The mag-
netic parameters, i.e. KPMA, K
IP
4 and Ku, are deter-
mined by solving self-consistently the Eqs. (1) and (2) as
mentioned above. In Fig. 2(a), we show KIP4 as a func-
tion of Ga concentration. The KIP4 behavior is similar to
the one observed in Fe1−xGax bulk:
15 (i) It decreases for
increasing Ga concentrations and (ii) it changes its signs.
In Fig. 2(b), Ku vs. x is shown. This contribution arises
from the dangling bonds at the Fe1−xGax/ZnSe interface
as already seen in Fe/ZnSe interfaces.30,31 Ku diminishes
for increasing x. This behavior is probably due to the
fact that amount of Fe atoms at the interface decreases
for higher Ga concentrations.
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FIG. 2. (Color online) (a) KIP4 and (b) Ku as a function of x.
In the following, we focus our analysis on KPMA and
Fig. 3(a) displays the best fitted values for it. It is impor-
tant to note the difference between the results obtained
for the as-grown and the annealed samples. On one hand,
the as-grown samples show very high values of KPMA be-
ing the highest value ∼5×105 J/m3 at x = 0.20, i.e. 10
times larger than pristine Fe thin films. On the other
hand, for the annealed samples, KPMA shows values close
to zero. This indicates that the appearence of KPMA is
related to the tetragonal deformation. Fig. 3(b) displays
KPMA as a function of the c/a ratio (which measures the
tetragonal deformation), where the correlation between
them is explicitly shown.
In what follows, we discuss possible sources of PMA
for our systems. In distorted ferromagnetic systems,
a contribution that cannot be discarded is the one
arising from magnetoelasticity, specially if the stud-
ied system is highly magnetostrictive as in the case of
Fe1−xGax. Hence, the magnetoelastic contribution to
KPMA of an out-of-plane tetragonally distorted (ǫyy=ǫxx)
film writes:32
KMEPMA = B1(ǫzz − ǫxx), (3)
where B1 is the magnetoelastic constant related to
tetragonal strains. ǫzz (ǫxx) is the strain along the z
(x) direction. In order to determine if KPMA in our dis-
torted systems comes from the magnetoelastic coupling,
we evaluate Eq. (3) for a given concentration. We con-
sider ǫzz (ǫxx) being equal to
c−acub
acub
(a−acub
acub
), where acub
is the cubic lattice parameter extracted from the stabi-
lized cubic phase (annealed samples).33 B1 was measured
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FIG. 3. (Color online) (a) KPMA as a function of x. (b)KPMA
as a function of c/a. (c) Log-Log plot of (KFe4 - K
IP
4 ) vs. x,
where the slopes show explicitly the x4 dependence. The KIP4
for the cubic symmetry dependence of bulk Fe1−xGax taken
from Ref. 15 is shown as well.
at MPI (Halle, Germany) for the cubic samples by per-
forming cantilever deflection experiments,34,35 which pro-
vide a direct measurement of the magnetoelastic coupling
coefficients in our films. The maximum value reported by
us is B1 = (5±1)×10
6 J/m3 for x = 0.14. In Fig. 3(a), we
show the calculated KMEPMA via Eq. (3). We observe that
KMEPMA is only a small fraction of KPMA and, therefore,
the PMA anisotropy observed by FMR does not arise
from a simple structural deformation. Consequently, we
conclude that another source of PMA dominates in our
system. In that sense, we propose that the observed PMA
has a magnetocrystalline origin linked to the preferential
Ga ordering along the [001] direction. Indeed, it is well
known that Ga-ordering strongly affects MCA in bulk
Fe1−xGax. Cullen et al. have shown the Ga-pairing along
<100> directions (second nearest neighbors) lowers the
magnetocrystalline anisotropy of pristine bulk iron (KFe4 )
in the following way:
KIP4 = K
Fe
4 − AK
2x4, with A = 4a2/πA0. (4)
Where K4 is the magnecrystalline anisotropy observed in
Fe1−xGax, A0 is the exchange stiffness constant and a is
related to the size of the Ga arrangement, in our case
equals one lattice parameter. Such a parameter “mea-
sures” how the Ga atoms affect the magnetic properties
of the surrounding Fe atoms. K gives account for a local
uniaxial anisotropy due to the presence of the Ga pairs.
Here, we take A0 = 1.6×10
−11 J/m3 consistently with
reported values for similar films.36 The core of this phe-
nomenological model is that such Ga pairs aligned along
the <100> axes lead to an extra contribution to the free
energy that takes into account the tendency for the spin
4of the neighboring Fe atoms to align, in principle, paral-
lel or perpendicular to the Ga-Ga pair axes. This energy
term reads as follows:
U0pair =
K
N
∑
l
∑
i
α2i (Rl)P0,i(Rl). (5)
Where N is the number of sites, αi(Rl) indicates the local
Rl-site magnetization directions with respect to the i
th
(i = x,y,z) axis and P0,i(Rl) is the probability (0 or 1)
that the Ga pairs in the Rl site are aligned along the
ith axis. Eq. (4) can be also recovered from Eq. (5) in a
mean-field approach15,37. Results obtained in Ref. 15 for
bulk Fe1−xGax (which will be useful to compare to our
results) are shown in Fig. 3(c) where a ∼ x4 dependence
is observed. A fitting procedure givesK ∼ 2.9×107 J/m3.
In the following we will show how, given an anisotropic
distribution of Ga pairs along the three <100> direc-
tion, the previously reported K values can lead to the
observed PMA. As a starting point we propose that the
Ga pairs are preferentially aligned along the [001] out of
plane direction rather than in plane. This hypothesis is
supported by the experimentally observed tetragonal dis-
tortion leading to the B2-like structure mentioned before,
coherently with ab initio calculations.23,24 Consequently,
we propose that the total probability of finding a Ga pair
at the Rl-site can be expressed as
Pi(Rl) = P0,i(Rl) + Pz(Rl) δiz, (6)
where Pz accounts for the additional probability of find-
ing Ga pairs along the z axis, which is expressed through
δiz . We notice that for cubic Fe1−xGax (bulk or annealed
samples), Pz = 0. On the other hand, for a tetragonal
distorted crystal Eq. (5) becomes:
Uzpair = U
0
pair +
K
N
∑
l
α2z(Rl)Pz(Rl). (7)
Under this scheme the PMA anisotropy is obtained as
KPMA = Upair(αz = 1, P0,i, Pz)− Upair(αz = 0, P0,i, Pz)
= KPz, where Pz =
∑
l Pz(Rl)
N
. (8)
In Fig. 3(c), we display log(KFe4 - K
IP
4 ) vs. log x where
the dependency on the fourth power of the Ga concentra-
tion corroborates the extention of the Cullen’s model to
the tetragonally distorted thin films. A similar behavior
is recovered for the two annealed samples, as well. The
important point is that the in-plane measurements per-
mit us to estimate K ∼ 3.6×107 J/m3, slightly higher
than in bulk, adopting the same A value.
For x = 0.20, a lower limit for < P0,i > can be cal-
culated using the results of the ab initio molecular dy-
namics simulations performed in Ref. 38, from which it
is possible to determine the amount of B2-like pairs for
a given concentration. Those calculations foresee that
the number of B2-pairs is very small, i.e. only 1% of
the D03 (the majority phase existing in Fe1−xGax al-
loys) pairs. An upper limit is obtained by considering a
fully random distribution of the Ga atoms into the bcc
Fe matrix (x2), i.e. <P0,i> ∼ x
2
∼ 0.04.37 It is impor-
tant to notice that X-ray diffraction experiments21 attest
the presence of superlattice reflections (B2 or D03) but
the absence of the DO3-characteristic [113] reflections.
Consequently we estimate that the aforementioned lower
limit is not encountered in our metastable thin films and
that P0,x + P0,y + P0,z is close to the upper limit, i.e.
∼ 10%. Moreover, the observed tetragonal distortion
suggests an anisotropic distribution of Ga atoms, with
a preferential axis along [001]. Even if we are not able to
measure the exact Ga-Ga pairs distribution in our films,
we notice that the K value estimated above is so huge
that a small Pz unbalance of few 10
−2 can lead to a KPMA
close to the observed experimental values of 5×105 J/m3,
for x = 0.20. This phenomenological approach allows
us to conclude that KPMA can be favored if there is an
anisotropic distribution of Ga pairs between in-plane and
out-of-plane directions. However, from this approxima-
tion it is not possible to determine which is the preferen-
tial orientation of the pairs that gives rise to the PMA.
In this context, from a more microscopical point of
view, ab initio calculations within the framework of den-
sity functional theory (DFT) can provide an insight into
the Ga pairing effect on PMA in order to: (i) predict
the direction of the local easy axis with respect to the
Ga pairs direction; (ii) estimate the intensity of MAE in-
duced by Ga atoms alignment. The MAE is calculated,
using a second variational approach as implemented in
the Wien2k package.39,40 The pairs are built by Ga atoms
located at next nearest neighbour positions in the bcc
lattice of Fe and directed along [001] direction. The in-
plane lattice constant, perpendicular to the Ga pairs, is
set equal to the Fe lattice one, as experimentally observed
in our samples (see Ref. 21). The system is allowed to
relax in the out-of-plane direction. As we stated above
the dependence ofK with the arrangement of Ga pairs (a
in Eq. 4) has to be considered. In order to take that into
account in the calculations, we proposed two situations
where the Ga pairs are along [001] but are placed in differ-
ent manners as it is shown in the insets of Fig. 4. In one
case single pairs arrangement is assumed (right inset); in
the second case, the Ga pairs build chains (left inset).
The Ga concentrations of both structure are similar to
the ones measured in the studied samples, i.e. x ∼ 0.16
and x ∼ 0.12 for the first and the second case respec-
tively. The evolution of the MAE as a function of polar
angle, from the [001] to the [100] directions is shown in
Fig. 4. The MAE for a general orientation of the magne-
tization is obtained from the total energy difference with
respect to the energy corresponding to the magnetization
lying along the dimers’ direction, i.e. [001]. For both Ga
distributions treated, the easy axis coincides with the ori-
entation of the Ga pairs, that is the [001]. The value of
the MAE for the system with a chain-like distribution
is 5-6 times larger than the one obtained for the single
5pairs B2-like arrangement. If we compare the calculated
results with ones obtained by us, we observe that the
measured KPMA values are between the MAE ones ob-
tained for both calculated structures. The big difference
between the values of the MAE obtained in the two situ-
ations analysed shows that the chemical ordering plays a
critical role in the determination of KPMA. Finally, these
ab initio results represent a strong evidence pointing to-
wards the conclusion that the experimentally observed
PMA would arise from a preferential orientation of the
Ga pairs along the z-axis, that is, perpendicular to the
film plane.
FIG. 4. (Color online) MAE as a function of the polar angle,
θ, for the both calculated structures. Large green (open) and
small yellow (filled) symbols are Ga and Fe atoms, respec-
tively.
IV. CONCLUSIONS
In conclusion, we have demonstrated the presence
of a large PMA in Fe1−xGax thin films grown on
ZnSe/GaAs(001), which is correlated to the tetragonal
distortion reported in such films. The anisotropic dis-
tribution of Ga pairs along the sample appears as a
possible origin of such as PMA. By performing ab ini-
tio calculations we show that an excess of such pairs
along the perpendicular film plane direction provokes
the PMA. In order to evaluate the Ga pairs contribu-
tion to the total magnetic anisotropy, we adopted a phe-
nomenological approach similar to the model developed
for bulk Galfenol,15 in which an additional energy term,
that takes into account the preferential axis created by
the Ga pairs, was introduced. We show that this Ga-
pairs term is so important that a slight preference of Ga
pairs to be aligned along the growth direction could lead
to the observed KPMA. Also, we have studied the in-
plane anisotropies. On one hand, the magnetocrystalline
one presents a similar behavior than the one observed in
Fe1−xGax bulk. On the other hand, the interfacial uni-
axial anisotropy observed in Fe/ZnSe is also present in
our samples. Finally, we show that Fe1−xGax grown as
thin film on GaAs(001) becomes a potential material to
be used in PMA-based devices, in which magnetostric-
tive and magnetic anisotropy are combined. This could
open new perspectives to control PMA-related remark-
able properties simply by strain.
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